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This paper describes further progress in the design of a low mass, biologically inspired nanorover suitable for 
Mars surface exploration and sample return missions. An advanced legged vehicle is presented, incorporating a 
hybrid DC motor and Shape Memory Alloy (SMA) actuation system to minimise mass and conserve power.  
Previous work demonstrated that an ultra low mass vehicle could be designed using composite materials. 
Innovations in this new design include hybrid lightweight DC motor / SMA technology for high power / mass ratio 
whilst minimising power use, and steps to achieve proportional control of both DC motors and SMA actuators, 
although work on this area continues in order to resolve problems with proportional control of SMA. Agility is 
improved using legs with increased angular displacement, which facilitates attitude control over steep and uneven 
landscapes and enables implementation of biologically- inspired locomotion techniques such as crawling and 
sideways walking, and adding a third degree of freedom which allows the rover to display an extensive array of gait 
and pose options. System control applies embedded systems technology running a Linux operating system, force 
sensors are installed on each leg to provide feedback of terrain interaction for gait management purposes, and power 
storage capacity and efficiency are improved, enabling the vehicle to carry sufficient power reserves for meaningful 
excursion durations.  
The vehicle incorporates an innovative lightweight sample collection arm which uses two servo motors and two 
SMA actuators. This allows it to collect approximately 2cm
3
 of sample. Mass is minimised by using a combination 
of aluminium and Carbon Fibre Reinforced Polymer (CFRP). 
Total system mass is less than 1 kg, offering the opportunity for a swarm of rovers to form part of the overall 
Mars mission. These vehicles would take advantage of their superior agility and ability to traverse difficult 
landscapes, and complement the operation of a larger wheeled mother rover - the mother vehicle would carry larger 
scale science and navigation equipment, as well as on board power resources, whereas the smaller vehicle can be 
dispatched to climb through rocky and steep terrain or deep into fissures to retrieve samples from the most 
interesting locations, returning to the mother rover for power and to deposit the sample. 
 
 
 
I. INTRODUCTION 
 
Many of the sites of high scientific interest on the 
surface of Mars are likely to be on steep slopes such as 
crater walls, in detrital fields and in deep cracks and 
fissures. In addition to their exogeology interest, such 
sites, which will have been exposed to quite different 
environmental conditions over time as a result of 
protection from radiation, erosion and other factors, 
could be promising sites to test for past or present 
evidence of life forms. 
 
Conventional wheeled vehicles do not have the 
capability to reach these locations whereas a bio-
mimetic legged rover design offers the ability to walk 
across rough terrain, climb steep slopes, and to be 
sufficiently small and agile to penetrate narrow crevices 
in the surface and return with a sample. However, this 
agility comes at the price of requiring many actuators, 
potentially leading to high mass and power 
requirements. 
 
The work presented in this paper attempts to 
mitigate this issue through the use of low mass materials 
such as CFRP, and a combination of lightweight servo 
motors and SMA. SMA can be used to form a light 
weight actuator which is far less complex than a motor 
with the potential for high levels of accuracy. SMA has 
many applications which take advantage of its unusual 
properties; these include aircraft - the USA Navy ‘F14’ 
fighter jet has SMA controlled components [1]; and in 
space – SMA was used on the Hubble Space Telescope 
to deploy the solar arrays and in the Materials Adhesion 
Experiment deployed on the Pathfinder - Sojourner 
mission; this was the first use of SMA on another planet 
[2]. 
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Fig. I: A typical exploration site – deep fissures and gullies on 
the edge of Hale Crater, Mars. Image © NASA 
 
Section II gives a brief overview of previous work in 
the areas of legged robotics and planetary sampling 
tools, as well as previous work on nanorover design at 
the University of Surrey, Section III gives an 
introduction to the challenges of SMA actuation, 
Section IV covers the design and evaluation of the 
nanorover, Section V covers the design and evaluation 
of the sampling arm, and Section VI gives a summary 
and conclusion on the whole system. 
 
II. STATE OF THE ART 
 
A -  Scorpion 
The Scorpion project, designed and built at the 
University of Bremen, comprises an eight legged 
outdoor capable legged robot based on bio-mimetic 
principles. The original objective was to build a robust 
legged vehicle suitable for terrestrial work in dangerous, 
highly unstructured environments – however the  
performance over rough terrain means this vehicle is 
also of interest as a planetary rover, and it has been 
evaluated for this purpose at NASA’s Ames Research 
Center. The vehicle has a mass of about 11.5 kg, is 650 
mm in length and is actuated by DC motors [3]. 
 
 
 
 
 
Fig. 2: Scorpion examining a rock at NASA Ames - image ©  
NASA  
   
B – DARPA Lobster robot 
 
 
 
Fig. 3: DARPA Lobster robot 
 
The Lobster robot is designed to operate exclusively 
under water, for shallow water sensing operations, in 
situations where significant water flow and turbulence 
will be experienced. It is exclusively actuated with 
SMA, using three SMA actuated joints for each of its 
eight legs. The SMA wires occupy very little space and 
are electrically insulated from the water by shielding in 
PTFE tubing. The angular range of movement of each 
leg joint ranges between 30
ο
 for the outer leg to 40
ο
 for 
the vertical capstan joint which provides forward 
movement. This is achieved using pairs of SMA wires 
in an antagonistic configuration similar to many 
biological muscle models [4]. 
A further consequence of the underwater 
environment exploited by the machine is the rapid 
cooling of the SMA wires available from close contact 
of the surrounding water with the PTFE shielding. This 
maximises heat transfer from the SMA, ensuring the 
SMA relaxation time is minimised. 
 
 
 
Fig. 4: SMABOT IV  
 
C – SMABOT IV 
An example of a small, low mass, fully SMA 
actuated robot designed to operate on land is SMABOT 
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IV, shown in Figure 4. SMABOT IV is a SMA-based 
hexapod bio-mimetic robot.  Each leg has two joints  
actuated by SMA actuators. The dimensions of the robot 
are 140mm×250mm×60mm and it weighs 290g [5]. 
 
D – Surrey Nanorover prototype 
The rover described in this paper continues the 
development work undertaken at the University of 
Surrey which demonstrated that a very low mass vehicle 
can be designed using advanced composite materials; 
this previous design comprised a CFRP hexapod with 
two degree-of-freedom legs, actuated exclusively by 
Shape Memory Alloy (SMA) actuators [6]. 
 The total mass of the vehicle is 170g. The extremely 
low mass of this vehicle meant that it was not feasible 
for it to carry power resources sufficient to operate the 
SMA actuators for any significant period of time. 
Therefore the design is more suited to a tethered 
application, taking advantage of the extremely low mass 
to visit very confined spaces.  
 
 
Fig. 5: Prototype of SMA actuated nanorover 
 
E – DFKI SpaceClimber Project 
‘SpaceClimber’ is a legged vehicle currently under 
development by DFKI Bremen and the University of 
Bremen[7]. The robot is designed to climb into and 
autonomously navigate across very steep crater walls 
and canyons, carrying instruments or sample return 
equipment.  
The mission specification provides for a 
comprehensive set of requirements: a design that 
achieves mobility on slopes with inclinations of up to 
40
ο
, ability to walk on loose, fine-grained substrate, 
negotiate obstacles of up to 40 cm height, navigate 
semi-autonomously,  have an operational range of at 
least 1 km, be equipped with an appropriate payload,  
weigh below 20 kg and  have a small stowing volume 
[8]. 
The machine comprises a hexapod robot with three 
degree-of–freedom legs. Each joint is actuated by an 
identical module based on a DC brushless motor and 
providing a peak torque of 28Nm. The actuator units 
have a low mass per unit torque delivered (0.02kg / Nm) 
and very large angular range (720
o
). The total projected 
mass of the vehicle is 18.5 kg and the length 820mm. 
 
 
  
Fig. 6: ‘SpaceClimber’ under test at the DFKI Robotics 
Innovation Center 
 
F – Phoenix Lander Sampling Arm 
The Mars Phoenix Lander has a robotic arm.  This 
arm is motor driven, has 4 degrees of freedom and a 
scoop for sampling. The arm has 1 degree of freedom in 
the elbow joint and 3 in the base, allowing the arm to go 
up, back and forth, side to side and rotate.   [9] 
 
 
 
Fig. 7: NASA’s Phoenix Lander’s Arm [9] 
 
The robotic arm was designed to dig trenches, and 
scoop up soil and water ice samples. It is 2.35 metres 
long with the capacity to dig to a depth of one metre 
[10].  The scoop was designed to deliver samples to the 
laboratory equipment for analysis; it also has a blade on 
the underside of the scoop for scraping rocks for 
sampling.  The scoop and the blade can be seen in 
Figure 7, in action on Mars. 
61st International Astronautical Congress, Prague, CZ. Copyright ©2010 by the International Astronautical Federation. All rights reserved. 
IAC-10-D9.2.8         Page 4 of 12 
III. SHAPE MEMORY ALLOY ACTUATION 
 
A – Principles of operation 
 
 
Fig. 8: Typical martensite / austenite transformation cycle [11]. 
 
At temperatures below its activation temperature, an 
SMA wire is composed of a crystalline phase of the 
Nickel Titanium (NiTi) alloy called martensite. As the 
wire is heated, the material begins to change phase to a 
higher temperature structure called austenite. Although 
the heating / cooling can come from an external source, 
normally heating is achieved by passing a current 
through the wire, and cooling occurs through the heat 
loss processes of conduction, radiation and convection. 
The changed crystal structure results in the wire 
contracting as it is heated, the degree of contraction 
being related to the degree of transformation to 
austenite, until with further heating the martensite is 
fully transformed to austenite. On subsequent cooling, 
the austenite re-transforms back to martensite, and the 
wire lengthens again, provided it is subject to an 
adequate extension force. The transformation in this 
‘cooling’ direction is thought to take a different route, 
explaining the hysteresis in the heating and cooling 
curves [11]. 
 
SMA actuation is commonly believed to be highly 
power inefficient; that is, the work done by the SMA 
actuator is only a small percentage of the electrical 
energy input required to heat the wire. Which this is a 
fair statement when comparing the work output with the 
total energy expended in heating the actuator from 
ambient temperature to the activation temperature and 
activating the wire, much of this energy input is 
expended in getting the wire from ambient temperature 
to the transition temperature range, which is quite 
narrow, of the order of 10
ο
 C. A  typical SMA wire for a 
terrestrial application will have to first be heated from 
ambient (say 25
ο
 C) to 70
ο
 C before activation even 
begins. Once the activation range has been reached, the 
energy required to cycle the wire though its activation 
cycle will be a fraction of the total energy requirement, 
and so if by some mechanism the SMA can be kept at 
around its activation temperature, the efficiency will 
improve. 
 
 SMA generates a linear force and to achieve rotary 
movement, this force needs to generate a moment 
around the joint axis. The total useable linear movement 
created by an SMA actuator is however typically only 
about 4% of the length of the actuator. Therefore to 
achieve the objective of a substantial angular rotation 
requires either a long actuator, a small radius around 
which the linear force pulls, or both. For a small, legged 
vehicle, this creates design challenges;  it may not be 
possible to physically accommodate a long actuator 
within the leg assembly, and using a smaller radius 
requires a higher linear force in order to generate the 
same torque around the joint;  a higher linear force will 
in turn require a thicker gauge of SMA wire, which will 
consume more power.  
 
Therefore to increase the angular range achievable 
without encountering these problems, an antagonistic 
design of actuator is employed similar to that used on 
the Lobster robot [12] – see Figure 11 which shows the 
nanorover leg module. 
 
Each wire component of the antagonistic design is 
responsible for half of the total angular movement, and 
thus the design effectively doubles the range achieved. 
In normal circumstances, only one wire of the pair is 
activated at any one time, the contraction of the 
activated wire being absorbed by stretching the non-
activated passive wire. Unlike conventional biasing of 
SMA actuators, springs are not used to provide the 
recovery force, which instead is provided by release of 
this stretching of the passive wire of the pair. 
 
 One potentially useful consequence of the 
antagonistic design is that the actuator is effectively 
biased at the mid point of its range. This means no 
power is required is maintain this mid-point joint 
position, leading to possibilities to improve the power 
efficiency of the vehicle in normal operation. 
 
B - Position Control of SMA Actuators  
The change of strain of SMA wire in response to 
heating is highly non-linear – see Figure 9. The material 
shows a substantial hysteresis effect, the curve for the 
heating cycle differing significantly from that for the 
cooling cycle. However, although the response is non-
linear, it has the potential to be both highly predictable 
and repeatable over many cycles. Therefore accurate 
position control using SMA actuation should be 
feasible. 
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Fig. 9: Plot of Strain against current for Flexinol wire 
 
Figure 9 shows the experimental results achieved, 
plotting strain against input current, and confirms the 
consistent behaviour of the wire over a number of 
cycles, taken over a period of several days. The 
hysteresis shown by the response, with the ‘heating’ 
curve on the right, and the ‘cooling’ curve on the left, 
can be clearly seen. For the purposes of this test, a 
actuator comprising a single strand of 250µm Flexinol 
[13] wire was used rather than the antagonistic 
arrangement discussed above, and the wire recovery 
force was provided by a conventional tension spring. 
Achieving accurate position control by simply 
controlling the current and therefore the heating is 
therefore clearly possible. In addition, the divergence 
between the heating and cooling cycles confirms that 
less power is required to maintain the required strain 
than is needed to initially create it – thus a power saving 
strategy is suggested under which the actuator is 
initially heated at a high power level and then the power 
is cut to the level needed to maintain the wire at the 
desired point on the cooling curve. 
The concern, however, is that with an open loop 
approach to position determination, accurate control 
will not in practice be achieved because although the 
heat input to the actuator can be accurately controlled, 
fluctuations in the heat output mechanisms, caused by 
changes in the three heat loss processes of conduction, 
radiation and convection, are uncontrolled and may be 
difficult to predict. This can be easily observed in the 
terrestrial environment - for example by changing the 
parameters of the convection mechanism by blowing on 
the SMA wire, which will immediately cool and relax. 
In environments such as Mars or the Moon, with no 
or only a very thin atmosphere, convection effects will 
be limited and so it may be possible for changes to the 
other heat loss parameters to be predicted with sufficient 
accuracy to enable their effects to be modelled, and an 
open loop control scheme for accurate positioning 
devised. However, it would be more desirable to 
implement a closed loop control system, using 
information on the actual position of the actuator in a 
feedback loop. 
To achieve feedback of position, a separate position-
sensing device could be employed, such as a 
potentiometer attached to the joint whose value changes 
depending on the joint position The disadvantage is that 
additional mass is added, the actuator becomes more 
complex, and it is potentially less resistant to damage 
from hostile space environments. However, in NiTi 
alloys the resistivity of the high temperature austenite 
phase is lower than that of the low temperature 
martensite phase. Therefore for a given SMA actuator, 
measuring the resistance of the actuator can enable the 
relative amounts of the two phases to be determined and 
thus to calculate the degree of transformation and hence 
the strain in the wire. The position of the attached rotary 
joint can be then be derived. 
The attraction of this approach is that no additional 
actuator hardware, and thus additional mass or 
complexity of the actuator mechanism is required – 
position sensing is achieved simply through measuring 
the resistance of the actuator. This approach therefore 
offers an attractive position sensing solution, 
maintaining the low mass benefits of an SMA actuator 
whilst implementing position control. 
Using resistance based feedback control for an SMA 
actuator has been studied on a number of occasions, and 
accurate, repeatable results achieved [14].  
 
IV. ROVER  DESIGN 
 
For the design described in this paper, the mass was 
kept as low as possible consistent with retaining the 
ability to reach target locations in rough and steep 
terrain. The rover must be small, agile, and be able to 
carry a payload comprising a scoop or drill. It also 
needs to operate under its own power for a sufficient 
period to reach the target location, take the sample, and 
return to the mother rover. The absolute distances the 
rover will have to travel under its own power are small, 
however, and so batteries can be used for power storage. 
Indeed, the rover may visit locations with no direct 
sunlight and so power from a solar array would not be a 
suitable solution. 
In formulating the revised design described in this 
paper, the following criteria were established: 
• Minimise mass, but for this still to be sufficient to 
carry onboard battery power, and a lightweight 
scoop or drill payload. 
• Improved agility compared with the previous 
design, using leg modules with three degrees of 
freedom and extended joint angular range. 
• Improved power efficiency, to extent useful 
operating life. 
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• Modular design of vehicle actuators and systems, 
to facilitate future development and upgrades. 
 
 
 
Fig. 10: Visualisation of Prototype Vehicle 
 
It was concluded that the target for the rover mass 
should be not more than 1 kg. This is clearly much less 
than the example vehicles described such as Scorpion, 
SpaceClimber, and current Mars rovers such as Spirit 
and Opportunity, yet still enables power storage for a 
reasonable operating period between recharges, and 
enables a scoop or drill payload to be carried, whilst not 
restricting the choice of actuation technologies solely to 
ultra low mass designs which might offer restricted  
performance and degrade the vehicle agility. This target 
mass will also permit the feasibility of deploying a 
swarm of small rovers to be tested.  
 
A - Actuator Selection 
The original prototype exclusively employed SMA 
actuators; the primary benefit of this in a very small 
vehicle is the very high power to mass ratio of the 
actuator. In addition, the actuators are very simple 
comprising a length of wire, and so are physically 
robust and unaffected by dust and debris. 
In the prior design the actuators were operated in an 
‘on / off’ manner, and consequently fine control over 
joint positioning was not possible. In addition the 
actuators were found to be power inefficient and 
somewhat slow to operate, particularly in the relaxation 
phase as the wire expands following activation. 
The revised design described in this paper is for a 
somewhat larger vehicle. The torque / mass ratio of the 
actuator is therefore less critical to the overall design, 
and other actuator technologies such as DC motors 
could potentially be employed. Rather than simply 
reverting to DC motors, however, and given the 
previous experience gained with SMA actuators, an 
additional objective was set, which was to seek to 
establish whether the performance of an SMA actuator 
for a nanorover leg joint, for a vehicle of approximately 
1kg mass, could be competitive in performance terms 
with an actuator based on a DC motor.  
 
 
Fig. 11: Visualisation of leg module. 
 
When considering the performance requirements for 
each joint, it is clear that SMA is not suitable in every 
case. For the innermost Coxa joint, the angular range 
required is a minimum of 60
ο
, and 30
ο
 for the other 
joints. 60
ο
 was considered too ambitious for SMA to be 
used, even with the antagonistic design described above. 
 For the middle femur joint, although the angular 
range was achievable, two further constraints emerged; 
firstly, the torque required to counter the ground 
reaction force acting up through the legs is greatest for 
this joint, as the joint axis is further from the contact 
point than the outer joint, particularly when the vehicle 
is walking with legs splayed. The torque generated by 
an SMA actuator for a given design geometry depends 
on the gauge of wire used, which in turn is directly 
linked with the power consumption of the actuator. For 
the joint to be robust, the actuator wire gauge therefore 
has to be sized for the maximum torque that could ever 
be needed, however infrequently; therefore unlike a DC 
motor, where the power consumption scales depending 
on the torque required, the power consumption of an 
SMA actuator depends on the maximum potential torque 
demand, and the degree of contraction and thus joint 
angle desired, not on the actual torque requirement at 
that time. In this configuration, the calculations showed 
that an SMA actuator would most of the time be highly 
power inefficient. 
 Secondly, the angular range achieved by the SMA 
actuator depends on the amount of linear contraction of 
the actuator; that contraction in turn depends on the 
actuator’s physical length. The planned length of the 
femur leg section proved simply too short to 
accommodate the actuator length required. Whilst a 
shorter length could achieve the same angular 
movement using a smaller joint radius, this would 
require thicker gauge SMA wire, which would in turn 
be less power efficient, creating a vicious circle of 
conflicting design criteria! The geometry of the joint, 
and the range of torque required, are therefore both 
critical factors in determining whether an SMA actuator 
is likely to be an effective solution. 
For the outer tibia joint, these constraints are less of 
an issue – torque requirements are lower and sufficient 
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physical length of the leg section is available to achieve 
the desired angular movement.  
Consequently actuator selection was confirmed 
using DC motor technology for the inner two joints and 
SMA actuation for the outer joint. This choice has the 
desirable side effect of enabling the two technologies to  
be compared side by side in operation, and to see more 
clearly what practical issues might arise from operating 
the two actuation approaches together. 
 
B - Hardware design 
The rover mechanical design was modelled using the 
CAD software ‘Solidworks’. The software was also 
used to verify the actuation geometry and to calculate 
estimates of the final vehicle mass. The rover prototype 
was then constructed, making extensive use of CFRP 
materials. Figure 10 shows a CAD visualisation of the 
completed vehicle; a close up of the leg module is 
shown in Figure 11. 
The actuators for the Coxa and Femur joints were 
sized based on the estimated torque requirements and 
their masses are between 11g and 22g depending on the 
torque required. To save mass, the nylon servo motor 
housings were used as a structural component to avoid 
the need for additional brackets. 
 
C - Design of electronics and software  
A key objective of the design was to facilitate future 
expansion and upgrading. Therefore the control 
framework was required to be more than adequate for 
the future demands that might be placed on it. 
The system design philosophy adopted was to 
separate high and low level tasks and operate these 
through separate controllers linked through a common 
bus system. 
 
 
 
 
Fig. 12: Diagram of System design  
 
 
For gait generation, response of the vehicle to sensor 
inputs, and external communications, a main controller 
able to run under the Linux operating system, but which 
is also physically small and with low power 
consumption was specified. The ‘Overo Fire’ 
Computer-on-Module (COM) based on the Texas 
Instruments OMAP3530 processor and manufactured by 
Gumstix Inc [15] was selected as meeting these criteria. 
This version integrates a Bluetooth module thus 
enabling low power wireless communications with a 
remote computer for control and telemetry purposes. In 
operation it is expected that much of the control of the 
vehicle will take place through web pages served by this 
onboard controller and accessed remotely over Ethernet 
emulated over the Bluetooth link. 
Dedicated controllers are implemented to operate the 
actuators and take sensor readings. These communicate 
with the main controller using the I
2
C bus which links 
all the controller devices together.  
 
D - Actuator Control 
The twelve servo motors use the industry standard 
control scheme to determine the servo position, 
employing a pulse signal that varies between 1ms and 
2ms in length and repeats every 20ms. The pulses are 
generated by a dedicated PIC microcontroller, able to 
control up to 20 servos and which is commanded from 
the main controller over the I
2
C bus. 
 
In principle, joint angle control using SMA actuators 
is achieved by varying the amount of electrical power 
fed to the ‘active’ wires of each antagonistic pair, and 
by so doing controlling the heating of the wires. This 
variation in supplied power is achieved by pulsing the 
supply to the wires and changing the mark: space ratio 
of the pulses rather than by varying the voltage applied 
to the wire. 
 
A pulsed approach is adopted for several reasons. In 
operation, the actuator lengths chosen result in a voltage 
drop across the actuator, when the current rated to 
achieve the full contraction of the wire is applied, of 
about 2 V. However, for convenience, and to enable 
supply from a pack of four Nickel – Metal Hydride 
(NiMH) cells, a supply voltage of around 4.8 V is 
employed. To avoid substantial power inefficiency in 
operation of the SMA actuators, these operate at over 4 
V but are pulsed ‘on’ for less than half the total time so 
that the heating effect is equivalent to the lower rated 
current, for 100% of the time. 
 
In addition, control using digital circuitry and 
pulsing the supply for precise on and off periods is 
straightforward to achieve using a simple 
microcontroller whereas accomplishing the same result 
by varying the supplied voltage is significantly more 
complex. The potential downside of the pulse approach 
is the introduction of switching noise via the powe
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supply to the controllers, however any adverse effects 
can be avoided with careful design of the electronics. 
 
The design achieves closed loop control of the SMA 
actuators using a microcontroller to measure the 
resistance of the SMA wires, and using this 
measurement as the basis of a control algorithm which 
determines the mark: space ratio of the applied power 
pulses. 
 
 The resistance measurement is derived as follows. 
The power pulses to the SMA wires are supplied using a 
MOSFET driver controlled by a comparator circuit. The 
inputs to the comparator are the microcontroller control 
signal, reduced through a potential divider, and a small 
voltage drop across a sensing resistor in series with the 
current flow through the SMA wire. Depending on the 
microcontroller signal power to the SMA wire is either 
‘off’ for a logic 0 input or ‘on’ at a known constant 
current level for a logic 1 input. 
 
 Resistance measurement is therefore achieved 
indirectly by measuring the voltage at one end of the 
SMA actuator using the microcontroller Analogue to 
Digital Converter (ADC). The other end of the SMA 
actuator is connected to the supply; the microcontroller 
is configured to use the supply voltage as the reference 
voltage for the ADC. Therefore the resistance of the 
SMA actuator at any moment is derived by powering 
the wire ‘on’ with the microcontroller, taking the ADC 
reading, and using known current and voltage references 
in the control algorithm to derive the resistance value. A 
relatively simple 8 bit microcontroller such as the Atmel 
ATMega 168 [16], with built in Pulse Width 
Modulation (PWM) functions, multiple ADCs, and I
2
C 
capability, has all the hardware and instruction sets 
required to control an entire bank of six actuators.  
 
E - Sensor inputs 
Although the control scheme of the prototype is at 
present fairly simple, it was intended from the outset to 
integrate a mechanism to enable the vehicle to interact 
with the environment, and to facilitate further 
upgrading.  
For a walking vehicle, probably the most important 
feedback required is information on its contact with the 
underlying terrain, and therefore the vehicle has Force 
Sensing Resistors (FSRs) installed in each ‘foot’.  The 
resistors are fed from the vehicle supply, and a 
dedicated multi-channel ADC device, the Texas 
Instruments ADS 7828 [17] operates on the I
2
C bus and 
continually polls its inputs by measuring the voltage 
across the FSRs. From this information, read back over 
the I
2
C bus, the main controller can estimate the force 
on each leg at any point, and respond accordingly. 
 
 
 
Fig. 13: Prototype rover – the electronics will be relocated to 
leave the top plane free for the payload. 
 
F - Results 
The performance of the completed prototype vehicle 
is still being evaluated. However initial conclusions on 
its performance, and some issues arising, can be drawn 
at this stage: 
• The vehicle total mass, including payload and 
onboard power storage is approximately 850g –
within the target mass desired. 
• Systems and communications are functioning well 
– the Bluetooth link, and the I
2
C bus 
communication operate robustly. 
• The Force Sensing Resistors are functioning and 
feeding back contact force information, as is the 
power consumption monitoring which has also 
been installed. 
• The SMA actuators are able to deliver the required 
angular range. 
• Power consumption is reasonable – although 
consumption is heavily dependent on the degree of 
use of the SMA actuators, a current draw of 
between 2 to 3 A when walking is typical, implying 
a projected operating life between recharges of up 
to one hour using NiMH  battery technology. The 
operating life can be significantly improved if 
higher power density Li-Ion technology is 
employed. 
• Some problems have been experienced with 
achieving accurate position control of the SMA 
actuators. 
 
Firstly, it has proved very difficult to achieve 
consistent correlation between resistance and strain of 
the SMA. At the date of writing this paper, closed loop 
control of the SMA actuator using resistance feedback 
cannot be relied on. Further research is required to 
analyse the source of the problem, but it is thought to be 
related to the effect of residual strain in the actuator 
wires. Prior work on SMA actuator resistance feedback 
[18] describes inconsistent behaviour – however this is 
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seen to be eliminated after a number of activation cycles 
(up to fifteen cycles). In the tests described in this paper, 
however, the effect does not appear to eliminate over 
time. It is thought this may be a result of the intrinsic 
variability in strain conditions for a leg joint actuator; 
the joint is activated (to save power) only when needed, 
and the strain on the wire at any point is necessarily a 
function of factors which are to some degree unknown, 
such as the underlying terrain conditions. 
Depending on the outcome of the further research, if 
it ultimately proves impossible to achieve accurate 
closed loop position control using resistance 
measurement, a position sensor may be necessary; a 
very small, encapsulated and thus dust resistant device 
based on the Hall effect may offer an acceptable low 
mass, robust solution. 
Secondly, despite the high degree of correlation 
achieved between input current and strain using a 
spring-biased wire, it has proved difficult to achieve the 
same consistency using the antagonistic actuator design. 
This is thought to be due to the non-linear response to 
strain shown by the passive wire of the antagonistic 
pair. 
 
 
 
Fig. 14: Martensite Stress / strain [19]. 
 
 
It can be seen from Figure 14 that at small levels of 
strain, the martensite in the un-activated passive wire 
behaves elastically – region 1 in the above diagram. 
However at higher levels of strain the slope of the 
stress/ strain curve (region 2) drops dramatically, and 
large strains occur with little additional stress. This 
inelastic deformation remains on removing stress from 
the wire, but can be subsequently recovered by heating 
the passive wire to contract it. 
It is believed that the shallow slope of the stress / strain 
relationship for the passive wire, corresponding with 
medium to high levels of activation, has the 
consequence that the passive wire tension has difficulty 
properly controlling the contraction of the activated 
wire. The result is that joint positions which correspond 
with strains in region 2 are difficult to accurately 
maintain, as small stress changes create large strain 
changes in the passive wire. 
Incorporating additional resistance to extension in 
parallel with the passive wire – for example, an 
additional conventional spring – may assist in 
minimising the consequences of the effect, and result in 
a workable system. The slack arising from the inelastic 
extension of the passive wire created as the active wire 
contracts still needs to be eliminated however through a 
brief activation of the passive wire. This is an 
unfortunate further burden on scarce power resources. 
Therefore at this stage of the work, it has not been 
possible to achieve SMA positioning accuracy 
comparable with competing technologies such as DC 
motors. Other research suggests that using external heat 
sources to actuate the SMA and using more advanced 
control techniques [20] may offer higher accuracy, and 
these ideas will be further investigated.   
 
Operating DC motor and SMA based devices at the 
same time has provided the opportunity to compare their 
operation and to highlight any issues arising from their 
working together. 
The relatively slow speed of operation of SMA, and 
in particular the need to wait for it to cool and relax, is 
highlighted when operated back to back with rapidly 
responding servo motors. The different in response time 
is estimated to be at least an order of magnitude. 
Naturally this slows everything down, and degrades the 
performance of the motors which have to wait for the 
SMA to catch up. 
It had been thought that this issue could be managed 
through sparing actuation of the SMA – thus limiting 
the occasions when the motors would need to wait for 
the SMA actuators to catch up. This approach also 
improves power consumption by assisting in minimising 
use of the relatively power hungry SMA. However the 
consequence of this strategy is that for much of the time 
the legs operate in two degree-of-freedom mode. This 
was found to cause some difficulties in achieving 
smooth movement of the legs. Therefore sparing or 
unsynchronised activation of the SMA is not thought to 
be a good approach. The problem of slow speed of 
SMA relaxation probably will  remain a concern unless 
an effective low mass, active cooling mechanism can be 
devised, perhaps based on the Peltier effect, to both 
improve the relaxation response and increase the power 
efficiency of the actuator. 
A further effect observed derives from the inherent 
elasticity of the SMA wires. Both of the wires in the 
SMA actuated joints in their un-activated state are quite 
elastic, and have much more compliance than the DC 
motor joints. In addition the tibia leg section is 
necessarily quite long in comparison to the vehicle size, 
to accommodate the length of SMA actuator required. 
These two features result in significant variability in leg 
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placement position, and a negative impact on the 
dynamic stability of the vehicle in operation. Activating 
the SMA would stiffen the joints, but again at the cost 
of increased power consumption. 
 
V. DESIGN OF SAMPLE COLLECTION ARM  
 
A – Actuation 
  The base of the arm is controlled by two motors; SMA 
cannot provide the angular range required.  The servo 
motors give over 180° of moment; the first motor allows 
the arm to move side to side and to move the arm to its 
rest position above the nanorover, whilst the second 
motor moves the arm up and down creating the digging 
motion for the scoop.   
 
 
B – Hardware design 
 
 
 
 
Fig. 15: Robot Arm Diagram 
 
A diagram of the arm is shown in Figure 15. It is 
made up of lengths of carbon fibre square section tube.  
The first length of tube is connected to the base, and the 
rotation of the motor supplies the arm with its digging 
motion; it also creates distance from the base allowing 
the arm a greater operational area.  This allows the arm 
to dig at a wider range of gradients and to greater 
depths.  
 The upper section operates the scooping action for 
the arm, moving the scoop forwards and back; it is 
controlled by a 100mm length of SMA which is 
countered by a spring, ensuring the arm returns to its 
rest position. The scoop is controlled by a 100mm 
length of SMA , again together with a spring. The SMA 
controls the act of scooping, and the spring achieves 
recovery.  
 
 
 
Fig. 16: Robot Arm 
 
 The scoop is designed to dig up small amounts of 
regolith from the surface of Mars.  The design 
requirement is for it to be as compact and light as 
possible in keeping with the nanoarm, but still be able to 
scoop a sample.  The scoop was designed to act like a 
knife, it is slim enough to minimise the overall mass of 
the arm, and can penetrate the Martian surface and dig 
downwards more easily than a large scoop could.  The 
scoop also has a tongue; this makes the end sharper, 
allowing maximum force over the smallest area, helping 
the scoop to break the surface and scrape other surfaces 
such as rocks if needed.  The capacity of the scoop is 
2.016cm
3
. 
The arm is positioned at the rear of the nanorover; 
when not in use the arm lies across the back of the 
nanorover to stay out of the rover’s way when moving. 
This also allows the centre of gravity to remain 
centralized so that the rover is balanced.  
 
 
 
Fig. 17: Robot Arm in rest position  
C – Arm Electronics and Controller design 
The SMA actuators are controlled by MOSFETs 
which supply a pulsing current to the SMA wire. A 
microcontroller operates the MOSFETs using Pulse 
Width Modulation to control the power delivered to the 
SMA wires. Power consumption of the arm is 
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approximately 2.5W.  
 
D – Results 
The SMA can move the lower arm approximately 
20mm with a force of  0.46 N. The scoop digs with a 
force of 1.1N and can rotate far enough to prevent 
spillages, bringing the scoop top parallel to the base 
brackets. The SMA requires actuation for approximately 
3 seconds  to achieve a displacement of 30°.The mass of 
the arm, carbon fibre and aluminium parts and motors is 
37g.   
The project succeeded in creating a light weight 
robot arm with 4 degrees of freedom.  CFRP and 
aluminium were used to build the arm; CFRP has 
significant advantages such as its specific strength and 
low coefficient of thermal expansion, but metal is 
superior for components more easily fabricated from 
sheet material. 
The design showed that a lightweight arm could be 
operated by  hybrid SMA and DC motor actuation, 
recognising there are some limitations on the range of 
movement.  
VI. CONCLUSIONS  
 
The work described in this paper demonstrates the 
potential for a sub 1 kg sample return rover to be 
designed and constructed which will be able to travel 
some distance, traversing steep slopes and entering 
narrow cracks, to collect a sample and return to the 
mother rover.  
The target application differs somewhat from other 
designs such as SpaceClimber. which is larger, heavier, 
has a greater range, and can climb steeper slopes. This 
design, however has such a low mass that it opens the 
possibility of a fleet of such rovers, operating as a 
swarm under the direction of the mothership. The fleet 
could be used to comprehensively search, analyse and 
sample a moving zone around the mother rover as it 
travels across the surface with its entourage of 
‘workers’.  
Further progress is needed however to confirm that 
an SMA actuator can deliver dynamic performance 
comparable with a DC motor actuator, and how the 
speed and power efficiency concerns associated with 
SMA actuation can be overcome. The work outlined in 
this paper has been carried out using SMA designed for 
terrestrial applications; however this is an important 
issue for space use given that ambient temperatures can 
be much lower than on Earth. Therefore use of low 
temperature activation SMA wire, and insulation 
mechanisms designed to help keep the wire within its 
transition temperature range coupled with active heating 
/ cooling within a closed system offer the potential for 
much improved efficiency. The use of more advanced 
control techniques such as robust control [21] has also 
been shown to improve the controllability of SMA. 
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